Introduction
Recently, our group completed two studies on the ion chemistry of the important industrial gas cyclic-
1,2 One examined the positive ion chemistry using threshold photoelectron photoion coincidence (TPEPICO) spectroscopy and a selected ion flow tube (SIFT). 1 The other investigated negative ion formation via electron attachment. 2 c-C 4 F 8 is used extensively in the dry etching of SiO 2 , but it has a high global warming potential. 3 Thus, although this perfluorocarbon is itself a replacement for other feed-gases such as CF 4 in technological plasmas, it is important to find other alternatives which have a low global warming potential. Octafluorocyclopentene (c-C 5 F 8 ) has been suggested as a potential feed-gas. 4 It is therefore surprising to find that c-C 5 F 8 is a largely unstudied molecule, with the exception of electron attachment investigations. To our knowledge no photoionisation studies have been performed and very few reactions with ions have been reported. In this paper we report the He (I) photoelectron spectrum (PES), threshold photoelectron-photoion coincidence (TPEPICO) spectrum from 12 -22 eV, and a study of the reactions of c-C 5 F 8 with a range of atomic and molecular cations. To complement these studies, data from a new electron ionisation study of c-C 5 F 8 are also reported.
There have been a number of studies investigating low energy electron attachment to c-C 5 F 8 , for which both rate coefficients and anion products have been measured. [5] [6] [7] The electron attachment occurs essentially by s-wave capture with a rate coefficient of 3.62 × 10 -7 cm 3 molecule -1 s -1 , and the dominant product anion is C 5 F 8
−
.
The structure of c-C 5 F 8 has been determined by electron diffraction, 8 and its multiphoton infra-red dissociation has been well documented. 9, 10 To our knowledge, only two studies of the ion-molecule reactions of c-C 5 F 8 have been published. 11, 12 One study presents the kinetics and products of some cation molecule reactions using a Fourier Transform Mass Spectrometer (FTMS). In addition, the electron ionisation cross-sections for c-C 5 F 8 from threshold to 200 eV have been measured, 11 this provides the only reported first ionisation energy at 11.6 eV. The second study investigated cation and anion molecule reactions in a high pressure environment. 12 One aim of this work is to gain insight into how electron transfer occurs in bimolecular reactions.
Two mechanisms have been postulated, defined as long-range electron transfer and short-range electron transfer. 1, 13, 14 Briefly, in long-range electron transfer the neutral molecule exchanges an electron with the cation at a large internuclear distance (~ 5Å). It is assumed that the cation of the neutral molecule formed is weakly influenced by the presence of the reacting cation. The neutral molecule acts, to all intents and purposes, as if it has been ionised by a resonant photon and, therefore, the product ion branching ratios from the ion-molecule and photoionisation experiments should be similar. Short-range electron transfer occurs when the electron jump happens at a much closer separation of the reacting cation and the neutral molecule, through the formation of a complex. The cation of the neutral molecule is now formed under the influence of the reacting ion, and this may lead to differences in the branching ratios for the bimolecular reaction compared to the photon experiment. Another mechanism can occur in a collision complex where bond making and breaking may take place; our definition of a chemical reaction. For electron transfer, daughter ions can form via fragmentation of the parent cation of the neutral molecule. In the chemical mechanism, daughter ions are formed in the complex and not with the parent ion as an intermediate.
Experimental
The apparatus used for the TPEPICO study has been described in detail previously. 15 The experiments were performed at the Daresbury Synchrotron Radiation Source (SRS) on stations 3.1 and 3.2 using the 1m Wadsworth and 5 m McPherson monochromator respectively. 16, 17 The synchrotron radiation is coupled into the reaction region via a capillary, and the flux is subsequently monitored by a photomultiplier tube using a sodium salicylate window. Threshold photoelectrons and fragment cations are Extraction of product branching ratios as a function of photon energy is facile, and in addition the threshold photoelectron spectrum and total photoion cross section are recorded as part of the coincidence experiment.
It is also possible to record TOF spectra at higher time resolution to yield kinetic energy releases, but these measurements were not made for this molecule.
The SIFT technique has been reviewed in detail, 18, 19 and full details of the current mode of operation of the Birmingham apparatus are given elsewhere. 14 Briefly, the apparatus consists of an ion source where neutral gases are ionised under high pressure by 70 eV electron ionisation. The required ion is selected using a quadrupole mass filter before being admitted into the flow tube, where it is carried along by a flow of high purity (99.997%) helium gas at a pressure of ca. 0.5 Torr. The neutral reagent is then injected downstream into the flow tube via one of two different inlets. Any resultant ionic products are detected by a second quadrupole mass spectrometer. The amount of injected neutral is varied from zero to a value which depletes the reactant ion signal by ca. 90%. The loss of reagent ion and the increase in product ions are recorded as a function of neutral reagent concentration under pseudo-first-order conditions. The error in the rate coefficient determined from the analysis is estimated to be 20%, and the apparatus is limited to measuring reactions with rate coefficients greater than ca. 10 -13 cm 3 molecule -1 s -1 . Branching ratios are derived from plots of ion signal vs. neutral concentration, and extrapolation to zero flow of the neutral molecule allows for the effects of any secondary reactions. We quote an error of 15% in product branching ratios, this error increasing for ratios below 10%.
Theoretical calculations

Ab initio calculations
To aid interpretation of the results ab initio calculations were performed using Gaussian 03. 20 Starting from electron diffraction data, 8 the structure of c-C 5 F 8 was first optimised at the DFT B3LYP level with a 6-311 G + (d,p) basis set. The molecule has C s symmetry, the geometry is puckered and not planar.
The carbon atom opposite the carbon-carbon double bond is raised above the plane of the molecule by around 22°, less than in the hydrogen analogue. 8 ). There are several caveats to the use of this procedure. Firstly, it was developed for interpretation of photoionisation rather than TPEPICO ion yields, and the latter are the differential of the photoionisation spectrum. Secondly, the procedure is only strictly applicable for photodissociation reactions where a single bond is cleaved. With these caveats, the procedure was applied to convert AE 298 11 determined the IE to be 11.6
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± 0.7 eV, while Hiraoka et al. 12 calculated the IE to be 11.2 eV using B3LYP methods. To verify these values, we have performed a new electron ionisation study at the Institut für Ionenphysik in Innsbruck, 34 and a He(I) photoelectron spectrum has been recorded at the University of Southampton. The electron ionisation and photoelectron spectrometers have been described in detail elsewhere. 35, 36 From these studies, the IE of c-C 5 F 8 from electron ionisation was found to be 11.24 ± 0.10 eV, and from He(I) photoionisation to be 11.30 ± 0.05 eV (for the v=0 peak). The weak peaks below 11 eV in the He (I) spectrum ( Figure 1 ) are most likely due to hot bands. From 11-12 eV the He (I) spectrum shows a band with clearly-resolved vibrational structure which is completely absent from the threshold spectrum. Unfortunately, due to the experimental limitations described above, TPEPICO scans were not performed below 11.8 eV under threshold conditions.
However, there is a noticeable absence of signal at 11.8 eV which is approximately the centre of the ground ionic state determined in the PES measurements.
To confirm whether this conclusion is correct, a TPES was recorded independently at the Daresbury SRS. We used the penetration-field spectrometer of King which combines very high resolution (up to 0.002 eV) with excellent sensitivity. 37 The spectrum recorded at a resolution of 0.005 nm is shown in Figure 2 , together with the threshold spectrum extracted from the coincidence experiment at a resolution of 0.2 nm.
We have scaled the relative intensities of the two spectra such that the peak at ~13 eV has comparable intensity. Two points are apparent. First, the ground-state photoelectron band is observed under the enhanced sensitivity conditions of the penetrating-field spectrometer, but its intensity is indeed very weak. We determine the adiabatic IE of c-C 5 F 8 to be 11.237 ± 0.002 eV. We conclude that the sensitivity of the threshold analyser in the coincidence apparatus is not sufficient to observe this very weak band, but we note that this apparatus is a compromise for efficient detection of both threshold electrons and mass-selected ions. 15 Second, as both spectra are recorded nominally under threshold conditions, the relative intensities of all peaks should be similar. In practice, the relative intensity of the bands from 15 -18 eV are significantly higher in the TPEPICO experiment. There are also many more autoionising peaks in this region recorded by the coincidence spectrometer (see later). We conclude that the threshold analyser of the coincidence spectrometer has a greater high-energy electron tail than the penetrating-field analyser. (19a') (20a') (12a") (13a") (21a') (22a') (14a") (15a") (23a') (24a") (16a") (17a") (25a') (18a") (26a') (27a') (19a") (28a') (20a") (29a') (21a") (30a'), where the numbering includes the core orbitals. The highest occupied molecular orbital has a' symmetry and is made up of the C=C bond π orbitals, an assignment which is confirmed by the vibrational spacing of the first band in the He (I) spectrum. The lower-energy orbitals are combinations of C-F and C-C bonds with no clear localization of electron density into a single bond, as might be expected in such a large molecule. In figure 3 (a) there are several sharp peaks in the TPES between 16 and18 eV. Peaks at the same energies are also observed in the total relative photoion yield, although the relative intensities are sometimes different. It is most likely that these peaks arise due to autoionisation, indicated by resonances superimposed on non-resonant step functions. 39 Further evidence for autoionisation is that these resolved peaks are not present under He(I) conditions (Figure 1 ), whilst they are present in reduced numbers under much higherresolution threshold electron conditions (Figure 2 ). Figure 4 shows the total relative photoion yield recorded from onset to 22 eV, with the insert highlighting the autoionising features from 15.5-17.0 eV. The peaks probably represent several overlapping vibrational progressions in Rydberg states.
Scanning threshold photoelectron-photoion coincidence spectrum
The scanning energy TPEPICO spectrum was recorded from 12-22 eV on beamline 3. The difference is around 27 kJ mol 
Selected Ion Flow Tube Results
Rate coefficients
The reactions of c-C 5 F 8 with twenty two atomic and molecular reactant ions have been studied using the SIFT apparatus. but via a shorter range mechanism where steric effects may be important. Table 2 shows the experimental and MADO rate coefficients (Column 2), the MADO values being given in square brackets, and the ionic products and branching ratios (Column 3) for the reactions of c-C 5 F 8 with the cations used in this study. Proposed neutral products based on mass conservation and thermodynamics are in column 4 and column 5 lists corresponding enthalpies of reactions. The pathways shown are those which are both the most exothermic and chemically feasible. In cases where there is more than one possible pathway an indicative selection is presented.
Branching Ratios
Eight ions whose RE falls below 11.24 eV were studied. Five ions did not react. The remaining three,
, CF + and SF + react by fluoride abstraction to form C 5 F 7 + as the ionic product. The TPEPICO experiment shows that when fragmentation is initiated by a photon it is more facile to break C-C σ-bonds than C-F σ-bonds. However, the reactions with these three ions break the C-F bond. The difference could be due to uncertainties in the translational energy of ions in a FTMS.
We comment that many of the channels forming C 5 F 7 + and C 4 F 6 + with significant branching ratios are calculated to be endothermic. We are using one of the most negative values for Δ f H Figure 3(c) shows the branching ratios from the TPEPICO and SIFT studies as a function of energy.
Comparison of TPEPICO and SIFT branching ratios
The former appear as continuous graphs, whereas the latter appear as data points at the defined RE value of each ion. Only fragment ions from the SIFT study which are also observed in the TPEPICO experiment are For energies in the range 13−17 eV the agreement is slightly less satisfactory between TPEPICO and SIFT results. Both experiments, however, show the same trends for the fragment ions. Therefore, it seems likely that a long-range mechanism, not a short-range mechanism, operates for ions in this range. The only ion which shows a significant variation from the TPEPICO branching ratios is N + (RE = 14.53 eV), as observed in previous work. 1, 14 It appears that reaction with N + causes much 'softer' ionisation ( i.e. less fragmentation)
than expected for a cation with this RE value. One explanation may be that some fraction of the N product is formed as N* ( 2 D) with an internal energy of 2.38 eV. Less energy would then be available for ionisation and subsequent fragmentation of c-C 5 F 8 . For F + (RE = 17.42 eV), the agreement between the branching ratios is much better, within the 15% error we define as indicating agreement. 41 For Ne + (RE = 21.56 eV), however, there is poor agreement, and many more fragments are formed than from photoionisation at this energy. For this ion, therefore, it is likely that a compact collision complex is forming and reaction proceeds by a short range process.
Conclusions
The threshold photoelectron, the threshold photoelectron photoion coincidence spectrum, and the total photoelectron spectrum has been recorded and gives the first adiabatic ionisation energy for c-C 5 F 8 to be 11.30 eV. A high resolution electron ionisation study has also been performed, yielding a first ionisation energy of 11.24 eV. A much higher-resolution TPES has also been performed which shows that the ground ionic state is present but only with very low intensity; the adiabatic IE is 11.237 eV.
Branching ratios and rate coefficients at 298 K for the reaction of twenty two cations with c-C 5 
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